A decade ago, a new mite-transmitted disease was described on wheat (Triticum aesativum) and maize (Zea mays) that due to its geographical location was referred to as High Plains Disease (HPD). To determine the etiology, we established colonies of HPD pathogentransmitting eriophyid wheat curl mites (Aceria tosichella Keifer) on wheat plants for maintenance of a continuous source of infected material. Analyses of nucleic acid obtained from infected plants showed that HPD-specific RNAs ranging from 1.5 to 8 kilobases accumulated, but comparisons between the sequence of cDNAs and the databases did not reveal any clear identity with known viruses. We demonstrate that a diagnostic HPD-specific 32-kDa protein that accumulates in plants, is encoded by one of the shorter RNA species (RNA-s). Upon infestation of upper wheat parts with viruliferous mites, the RNA-s encoded protein becomes detectable within a few days in the roots, indicative of an effective virus-like mode of transport.
INTRODUCTION
First recognized about a decade ago, High Plains Disease (HPD) remains enigmatic despite having a host range that includes economically important plants such as wheat (Triticum aesativum) and maize (Zea mays). The causal agent is transmitted by the eriophyid wheat curl To test the above hypothesis, we used our HPD pathogen-transmitting A. tosichella colonies on wheat as a constant source of infected material (Skare et al., 2003) to compare the protein and nucleic acid contents with healthy plants, and to isolate and characterize the VLPs.
Nucleic acid analyses of infected plants showed the accumulation of HPD-specific RNAs of three size classes: RNA-l (~8 kb), RNA-m (2-2.5 kb), and RNA-s (1.4 kb). We generated cDNA clones that through RNA hybridization were assigned to a size class and subsequent sequence analyses of a combined total of 6,4 kb HPD-specific cDNA did not reveal any obvious sequence identity or similarity with genomes of known viruses. However, RNA-s was proven to encode the diagnostic HPD-specific 32-kDa protein. VLPs were isolated from HPD-inflicted wheat using a substantially modified Tospovirus-particle purification scheme. VLP enriched material contained the 32-kDa protein and HPD-associated free single-stranded RNAs of negative polarity, whereas free positive-sense was only present in total RNA extracts from infected plants.
Immunogold labeling and subsequent electron microscopy results supported the notion that the 32-kDa protein was present as a nucleocapsid protein inside the isolated VLPs. These collective features provide supportive evidence that HPD is caused by a new mite-borne RNA virus that we propose to name Maize red stripe virus (MRStV).
RESULTS

Biological properties associated with HPD
HPD infections of field-grown maize and wheat were shown to be associated with a constellation of leaf symptoms including mosaic and curling, and on wheat, a generalized chlorosis was common whereas maize exhibited red and yellow striping (Fig. 1A) . A. tosichella prolifically colonized our wheat and maize plants under laboratory conditions (Skare et al., Skare et al., p. 5 2003). It appeared that mite feeding caused exacerbation of HPD symptoms, perhaps due to release of phytotoxic salivary material into the plant cells, resulting in pinpoint chlorotic spots on both wheat and maize. In the field, symptoms on host plants infected with both WSMV and the HPD-associated agent are exacerbated compared to WSMV alone. Mixed infections of WSMV and HPD on wheat and maize plants are common, in part due to sharing the wheat curl mite as a biological vector. To date, the exact mode of HPD-pathogen transmission by the mites remains to be determined but our results (Skare et al., 2003) (and data not shown), and those of others (Seifers et al., 2002; Seifers et al., 1997) showed that the pathogen is not transovarially passaged.
As early as 2 days post-infestation with viruliferous mites, VLPs were observed upon electron microscopy of ultrathin sections of infected maize leaves (Fig. 1B) . The morphology of these VLPs is reminiscent of those observed by others studying HPD (Ahn et al., 1998; Ahn et al., 1996) , indicating that our laboratory strain of the HPD pathogen is very similar in nature.
Collectively, the symptoms caused by the pathogen (Fig. 1A) , the interactions with WSMV in the field (Mirabile, 2001) , the transmission by mites (Seifers et al., 1997; Skare et al., 2003) , and the accumulation of the enveloped particles (Fig. 1B) , are all properties indicative of a virus-like pathogen. Therefore, the subsequent experiments were based on the hypothesis that HPD was caused by a previously undescribed type of virus.
Purification and cDNA cloning of HPD-specific RNAs
To assist in purification efforts we used a rabbit polyclonal antiserum specific for an HPD-associated ~32 kDa protein, as an indicator for the presence of the suspected virus (Skare et al., 2003) . As shown in Fig. 2A , the 32 kDa-specific antiserum detects a protein band of the expected size only in infected plants and not in plants infested with non-viruliferous mites. In order to characterize the suspected viral pathogen, we first isolated the genomic components in order to generate HPD-associated sequence-specific cDNA clones. The cDNAs could be used in combination with the 32 kDa-specific antiserum to monitor the presence of the suspected viral genomic material and protein, and as detection tools during the development of a reliable purification protocol. Sweet corn (Zea mays var. 'How Sweet It Is') was grown in climate controlled growth chambers. The plants were infected using laboratory-maintained viruliferous mite colonies as the vectors for transmission of the HPD-agent (Skare et al., 2003) . However, this strategy resulted in low levels of HPD-specific RNA (data not shown). Therefore, for the initial cloning project we used maize plants from the field that were naturally infected with the HPD-causing pathogen, but free of WMSV, based on immunoblot assays. As detailed in Materials and Methods, rate zonal sucrose gradient sedimentation was used to concentrate material, followed by CsSO 4 isopycnic gradient centrifugation. A clear opalescent band that was not present in similar purifications with healthy maize, was removed from the gradient for further analyses.
Following separation of total proteins by SDS-PAGE a protein of approximately ~30-kDa ( Fig. 2B ) was unique to HPD-pathogen-infected plants. Immunoblot assays showed that this was the HPD-specific 32-kDa protein (Fig. 2B) . Agarose gel electrophoresis and EtBr-staining of nucleic acids extracted from the same purified sample resulted in several major bands (Fig.   2C ). Upon mild treatment of the samples with RNaseA the bands disappeared (data not shown), indicating that the nucleic acid in question was RNA. Based on the migration of RNA size markers (Invitrogen, Carlsbad, CA), HPD-associated RNA bands were estimated to be ~8-9 kb (RNA-l), ~1.4 kb (RNA-s), as well as several other RNAs (not always as distinctly separated into two species as in Fig. 2C ) between ~2 and 2.5 kb (RNA-m).
RNA isolated from infected maize plants was used to generate cDNA clones. Northern blot analysis showed that all cDNA clones derived from the purified HPD-associated RNAs (Table 1) hybridized only with samples from HPD-infected plants and not with RNA from healthy or WSMV-infected plants, or from plants infested with non-viruliferous mites as shown for RNA-l in Fig. 2C (right panel) and summarized in Table 1 (see also sections below for additional specific hybridization tests).
All cDNA clones were sequenced to yield group-specific contigs with a cumulative size of 6.4 kb HPD-specific nucleotide sequence. Comparisons at the predicted protein level resulted in a match of the larger RNA-l with RNA-dependent RNA polymerases (RdRp) encoded by the L RNA within the genus Tospovirus (Table 1) . This identity seems particularly significant in that HPD-associated cDNA sequences are available for only a very small portion (~290 nucleotides) of the >7 kb RNA-l.
The largest RNA-m cDNA sequence (1,459 nt) contains an ORF of 750 nt for 250 amino acids that through a potential -1 ribosomal frameshift could create an ORF that stretches virtually the entire available sequence for a protein of more than 470 residues (no stop-codon has been identified and this must be located further downstream the ORF and not yet represented by any cDNA). BLASTp searches yielded some similarity of this putative product (30 %) with a BU443 protein from Buchnera aphidicola (Shigenobu et al., 2000) , that are endosymbionts of virus-transmitting aphids (vandenHeuvel et al., 1999) . The 696 nt ORF of another RNA-m species (Table 1) showed 26 % similarity with a 54 kDa protein encoded by Citrus psorosis virus, which is an Ophiovirus (Martin et al., 2005) . However, the significance of these minor similarities remains to be determined. The other two RNA-m ORF-encoded products (Table 1) did not reveal remarkable similarity with any known sequence. An additional cDNA clone of 600 bp with no identity to known sequences was not included in the analyses or in Table 1, because hybridization tests could not exclude the possibility that this represented a mite-derived cDNA rather then a HPD-specific clone (data not shown).
Analyses of RNA-s and its encoded protein
RNA-s is not detectable in wheat plants infested with non-viruliferous mites, but instead it specifically and readily accumulates in plants infected through colonization with viruliferous mites (Fig. 3A) . The available 1,329 nt cDNA sequence of RNA-s reveals the presence of two ORFs on opposite strands. The first is a major ORF of 864 nt for a 288 amino acid protein whereas the second smaller ORF of 450 nt encodes a putative 150 residue protein. The 5' leader sequence upstream of the smaller ORF is 148 nucleotides containing two other AUGs whereas the major ORF on the opposite strand is preceeded by a 5' leader sequence of 220 nucleotides that does not contain any start codons. When compared with the consensus start site context AACAAUGGC (the start codon is in italics) for plant mRNAs (Lutcke et al., 1987 ) the context for the small ORF (CUACAUGAU) is rather poor (underlining indicates identity with consensus), whereas it is nearly optimal (CAAAAUGGC) for expression of the major ORF.
The putative product of the small RNA-s ORF did not reveal any noticeable identity with proteins in the databases. In contrast, the major ORF encodes a protein with a predicted MW of 33.2 kDa with 83-86% identity (~90% similarity) (Fig. 3B ) to the protein that by MALDI-TOF was identified as representing the 32-kDa (coat) protein in HPD-infected plants in several geographical areas, including Texas (e.g., GenBank U60141 and P83666) ) . The RNA-s encoded protein of our isolate is compared to the sequence of the Texas strain in the aforementioned study, in Fig. 3B . This illustrates that our strain of the HPD causing viral-like agent is very similar but distinct from species used in other studies.
Considering that the infected plant-derived protein used in the MALDI-TOF analyses by Seifers et al (2004) has such a high degree of identity with the ~33 kDa predicted protein encoded by RNA-s, this implies that the diagnostic 32-kDa-specific antiserum detects the RNA-s product. To verify this we generated a pGEX5X-GST/RNA-s fusion protein that was expressed in E. coli and purified as described previously (Scholthof et al., 1994) . Preliminary attempts to detect this GST/RNA-s fusion protein with the 32 kDa-specific antiserum were not successful, leading to a possibility that RNA-s was not encoding the diagnostic 32-kDa protein. However, perhaps more likely explanations were that either the GST-fusion prevented recognition or that the polyclonal antibodies poorly represented the portion of the RNA-s product that was used to generate the fusion protein (underlined in Fig. 3B ). To provide some answers, the reverse strategy was employed by using the purified GST/RNA-s fusion protein for production of polyclonal antiserum in rabbits by Sigma-Genosys (Woodlands, TX). Western blot analyses with this RNA-s-derived antiserum detected a protein specific for plants infested with viruliferous mites that migrated at the same position as the protein detected by the original 32 kDa-specific antiserum (Fig. 3C ). This suggests that RNA-s encodes a protein of ~32 kDa that due to a favorable translational start-site context readily accumulates in infected plants and represents the same protein (the nucleocapsid, see below) that is also recognized by the previously used diagnostic 32 kDa-specific antiserum.
A hallmark of many plant viruses is that upon infection of upper leaves, they can also be transported to the roots (Samuel, 1934) . Therefore detection of viral components in the roots provides a reliable assay for determining whether a virus-like agent causes a systemic infection, versus the possibility that accumulation in leaves, as in indicator of systemic spread, could in fact be due to continuous re-introduction of the pathogen by the mites. For this purpose, we used the 32-kDa protein-specific antiserum to monitor the progression of the disease in roots of wheat plants inoculated by mite-feeding on the leaves. In these tests, viruliferous mites were transferred to wheat plants and infection of upper leaves was verified at three days post-infestation with western analyses (not shown). At this time, half of the plants were treated with a systemic aldicarb (Temik: T-marked lanes in Fig. 4A ) to completely eliminate any effect of ongoing introduction of the infectious agent by the mites. Subsequently, the presence of the 32-kDa protein was monitored over time in the roots. The results in Fig. 4A show that the 32-kDa protein rapidly accumulates in the roots and is persistent up to 3 weeks post-infection. This rapid movement of the pathogen into the roots provides support for the hypothesis that HPD is caused by a virus-like agent.
As is apparent in Fig. 4A , at later time points a smaller 32 kDa-related protein appears, that could be a truncated or defective 32-kDa protein (d32-kDa in Fig. 4A ). We do not know the origin of this protein but a possibility is that during infection, defective RNAs are generated that produce d32-kDa forms of the protein. This assumption is supported by our observation that in purification experiments (see below) from wheat, a truncated RNA-s could be detected that might represent a defective RNA-s (dRNA-s, Fig. 4B ).
Purification of the HPD-specific enveloped VLPs
The results in Fig. 2 showed that fairly straightforward purification protocols could be used to isolate HPD-associated RNAs and a 32-kDa protein. Others have used similar procedures to collect thread-like ribonucleoprotein complexes associated with a HPD-related disease in pigeonpea Kumar et al., 2003) . However, our primary objective was to isolate enveloped particles (the suspected intact virions) that were observed in thin sections of infected tissue (Fig. 1B) .
After initial difficulties with purifying the enveloped particles from infected maize, we assayed various protocols suitable for membrane-enveloped viruses using gentle low speed centrifugations coupled with detergent-free extraction buffers. We also found that wheat plants accumulated relatively higher titers of the 32-kDa protein at 2-3 weeks post mite-infestation ( Fig.   4 and data not shown). Therefore, we used our HPD pathogen-transmitting mite colonies to maintain a readily available source of infected wheat that were routinely assayed and inspected for the presence of both the mites and HPD infections (Skare et al., 2003) . It is also important to note that throughout this study all of the HPD-infected plant material was produced by mite transmission to thus preserve the natural features of this as yet uncharacterized new pathogen and to enhance our chances of obtaining viable, intact wild-type virus.
A modified Tomato spotted wilt virus (TSWV) purification protocol (Black et al., 1963) for which details are provided in Materials and Methods, provided the basis for developing a strategy for isolating enveloped VLPs. A particularly noteworthy result of the optimization experiments is that viral ribonucleoprotein (vRNP) yields, based on 32-kDa protein and RNA analyses, were substantially improved by altering the buffer concentrations: the TSWV clarification buffer (Black et al., 1963) was used as the concentrating buffer and vice versa.
Another intriguing finding was that the enveloped particles pelleted at relatively low centrifugation speeds using a phosphate buffer that is traditionally used in purification protocols to coagulate host materials in a clarification step (Matthews, 1991 ) (see Materials and Methods for details). Lastly, three concentrating centrifugation steps were used because with each concentration step the preparation became increasingly free of contaminants. With this protocol, fractions from the upper third of sucrose density gradients following high-speed centrifugation were shown to be concentrated for the 32-kDa protein (Fig. 5A) . Northern analyses showed that these fractions were also enriched for HPD-specific RNAs (Fig. 5B) .
Examination by transmission electron microscopy (TEM) showed the presence of membrane-enveloped VLPs in the same sucrose density gradient fractions as those analyzed above (Fig. 6A) . Identical fractions collected from sucrose gradients in control purifications of leaves selected from wheat plants infested with non-viruliferous mites did not yield such VLPs but instead smaller undefined vesicle-like structures were present (data not shown). Transfer of the isolated material to EM grids followed by immuno-gold labeling for detection of the 32-kDa protein and examination with electron microscopy, showed the presence of gold particles in association with the VLPs (Fig. 6B) . Labeling was mostly evident for disrupted particles resulting in the deposit of gold particles either what appeared to be inside the particles (Fig. 6B,   left ), or the appearance of strings of gold particles covering filamentous material spilling out from the compromised particle (Fig. 6B, right) . These observations are consistent with the notion that the VLPs represent membrane-enveloped particles that contain a vRNP complex consisting of viral RNA and the RNA-s encoded 32-kDa nucleocapsid protein.
Nature and polarity of HPD-associated viral RNA
Towards determining the nature of RNA associated with VLPs, SP6-or T7-polymerase generated transcripts of either a cDNA clone for RNA-s, or a PCR product specific for the RNAm species encoding the frame-shift ORF (Table 1) , were used as probes for strand-specific hybridization. The RNA-s and RNA-m clones were chosen because both contain a major ORF, for the 32-kDa nucleocapsid protein or the large frame-shift product (Table 1) , respectively.
Based on the orientation of these ORFs, message or (+)-sense polarity was assigned to the T7-transcripts and (-)-sense to the SP6-RNA, in both instances. Control blots showed that SP6-generated RNA-s transcripts did not self-anneal but instead hybridized efficiently with the complementary T7-transcript, and vice versa (Fig. 7A and C) . The findings of the polarity tests on RNA associated with VLPs ( Fig. 7B and C) can be summarized as follows: 1) the RNA was analyzed under non-denaturing conditions to detect only free (+)-or (-)-sense RNA, 2) the (+)-sense T7-probes annealed to RNA-s and RNA-m, and 3) the (-)-sense SP6-probes inefficiently hybridized with VLP RNA. We realize that these results do not rule out the presence of preexisting dsRNAs or duplexes that form during the isolation procedure. Nevertheless, the results are consistent with the interpretation that the analyzed RNA-s and RNA-m species associated with VLPs are not present as free (+)-sense RNA, but instead the single-stranded RNAs that can be detected are of negative polarity.
The (+)-sense RNA-s and RNA-m probes also each hybridized specifically with a distinct RNA species in total RNA extracted from HPD-infected wheat ( Fig. 7B and C) . In total plant RNA extracts a similarly sized RNA hybridized with the corresponding (-)-sense SP6-probes in both cases ( Fig. 7B and C) . In addition, for RNA-s at least one smaller sized (+)-sense RNA band hybridized (Fig. 7B) . These results are consistent with VLPs not packaging free (+)-sense RNA, but rather they contain free (-)-sense RNA that in plants is replicated through a (+)-sense template. At least one smaller (+)-sense RNA-s is produced during replication, which could represent a subgenomic RNA (sgRNA-s? in Fig. 7B ).
DISCUSSION
Although a viral origin of the HPD-causing pathogen has been postulated (Ahn et al., 1996; Jensen et al., 1996; Seifers et al., 1997) , evidence for its etiology and that of related miteborne diseases has remained mostly a matter of conjecture. Towards a molecular characterization of the HPD-causal agent we used established mite colonies on wheat plants to maintain a constant source of infective material in the laboratory (Skare et al., 2003) . Isolation of HPDspecific nucleic acid from field-infected maize plants showed that the genome of the putative virus was composed of several RNA species (Table 1) . Another RNA species was detected with sequence homology to RNA-s (Fig. 4) , and this could represent a defective RNA. Sequence comparisons (Table 1) are based on a total of 6.4 kb HPD-specific and unique cDNA sequences.
Comparisons have not yielded obvious similarities with any known viral genomes, except that RNA-l has features in common with the RNA of Tospovirus-encoded RdRp proteins.
Our results provide direct evidence that the ~32-kDa protein, that serves as a diagnostic marker for the presence of HPD, is encoded by RNA-s (Fig. 3) and presumably represents the nucleocapsid protein. This protein is readily detectable in infected plants, which is likely related to the fact that the corresponding ORF on RNA-s is situated favorably for efficient translation.
Time course experiments with infected wheat plants using the 32-kDa-specific antiserum showed that the infection rapidly moved from the leaves into the roots and that over the course of a few weeks truncated 32-kDa-specific proteins appeared (Fig. 4) . Based on the observation that truncated RNA-s molecules could also be detected it is possible that defective (interfering) RNAs accumulate over time. All these properties are in agreement with the interpretation that HPD proceeds in a manner consistent with the principles of RNA virus infection in plants (Hull, 2002) . Skare et al., p. 15 Antiserum for the HPD-specific 32-kDa protein and infection-specific hybridization probes generated from our HPD cDNA clones, were used to evaluate various purification schemes, leading to a protocol that yielded satisfactory results, based on a modified Tospovirus purification method (Black et al., 1963) . Fractions enriched for the 32-kDa protein and HPDassociated RNAs (Fig. 5) were present in the same fractions containing intact VLPs (Fig. 6A) .
These isolated VLPs resembled those viewed in the thin tissue sections of infected tissue ( Fig.   1C ) with ovoid particles ranging from 80-200 nm in diameter. These were consistently present upon transmission of the HPD-pathogen infected material and not in material from plants infested with healthy mites. In agreement with previous results (Ahn et al., 1998; Ahn et al., 1996) these HPD-typical VLPs did not appear to represent organelles, inclusion bodies, or bacteroid microorganisms.
Tospovirus virions have a membrane that envelopes a ribonucleoprotein core in which the nucleic acid is complexed with nucleocapsids (de Haan, 1994; German et al., 1992) . Tospovirus virions are usually 80-110 nm in diameter but the HPD-associated VLPs are generally not as uniform (Figs. 1C and 6) (Ahn et al., 1998; Ahn et al., 1996) . Tospovirus genomes are composed of three RNAs, whereas the precise number of the HPD-associated genomic RNAs is not yet unequivocally clear. The largest Tospovirus segment (L) has a negative-sense polarity, whereas the two smaller segments are ambisense (de Haan, 1994; German et al., 1992) . Our results indicate that free HPD-RNA associated with the VLPs is of negative polarity whereas free (+)-sense RNA could not be detected in our analyses (Fig. 7) . This means that free (+)-sense RNA does not accumulate, or is associated with (-)-sense RNA as dsRNA, which would not disagree with earlier reports that RNA associated with HPD infections could be isolated in doublestranded form . Regardless of the presence or absence or origin of dsRNAs, we suspect that the VLPs represent virions. The absence of free (+)-sense RNA inside these VLPs is also consistent with preliminary evidence that RNA polymerase activity is associated with the VLPs (Mirabile, 2001 ), a hallmark typical for (-)-and ambisense RNA viruses, including Tospoviruses (Adkins et al., 1995) . Electron microscopy provided further support for the interpretation that the 32-kDa protein functions in the capacity of a nucleocapsid (Fig. 6B) . Wheat curl mite-mediated transmission of VLP-containing material from infected to healthy plants reproducibly resulted in HPD symptoms, the presence of the HPD RNAs, the 32 kDa protein, as well as the presence of canonical VLPs inside infected cells and upon purification. Thus, the main characteristics associated with initially diseased plants in the field were also present and maintained upon repeated transmission to plants under laboratory conditions. MFOLD analyses show an extensive degree of possible secondary structure conformations for RNA-s (data not shown) which in vivo is coated with the 32-kDa protein (Fig.   6 ). Such protective mechanisms have been reported for Tenuiviruses (Falk and Tsai, 1998) , a group of non-membranous plant-infecting thread-like ambisense segmented RNA viruses.
Tenuiviruses and Tospoviruses have several features in common including the ability to form terminal panhandle structures, cap-snatching for subgenomic RNAs, and multipartite ambisense genomic ssRNAs that are complexed with a nucleocapsid protein (Falk and Tsai, 1998) . Even though the HPD-associated virus shares some of those features with tenuiviruses , its morphological properties more closely resemble those common to the Tospovirus genus.
When comparing VLP morphology and vector transmission, it is evident that the HPDassociated virus is quite similar to other eriophyid mite-transmitted virus-like agents that cause yellow ringspot of redbud, rose rosette, thistle mosaic, and fig mosaic (Ahn et al., 1996) . In addition, the HPD-associated features are quite similar to those of Pigeon pea sterility mosaic virus (PPSMV) that is transmitted by the eriophyid mite Aceria cajani, is believed to have at least 6 major RNA species, and is also associated with a diagnostic protein that most likely functions as a nucleocapsid protein (Kulkarni et al., 2002; Kumar et al., 2002) . There is reason to speculate that HPD in fact represents a possible re-emergence of Wheat spot mosaic (WSpM) described and studied in the 1950s (Slykhuis, 1956 ). However, WspM-diseased samples have not been preserved (Marcon et al., 1997a; Marcon et al., 1997b) , and thus are unavailable for use in comparative studies. In accordance with ICTV nomenclature guidelines it seems therefore fitting to name the HPD-associated virus characterized in our study according to the host (maize) on which it was first recognized in 1993, and the symptoms elicited on this plant which include red striping . We therefore propose that the HPD-associated virus be referred to as Maize red stripe virus (MRStV).
MATERIALS AND METHODS
Purification of HPD-associated RNAs and cDNA cloning
Maize plants that were positive for the HPD-associated 32-kDa protein, but negative for WSMV, were harvested, from a field near Amarillo, TX. From this material, 50-100 g of leaf tissue was homogenized in a blender in four volumes (w/v) of extraction buffer [200 mM TrisHCl-pH7.3, 20 mM EDTA, 50 mM Na 2 SO 3 , 1.5 M urea, 2% (w/v) 2-b-mercaptoethanol]. These and subsequent steps were performed at 4°C. Triton X-100 was added to the leaf slurry to 2% concentration, stirred 20 minutes, filtered through two layers of cheesecloth and centrifuged for through two layers of Miracloth (Calbiochem, La Jolla, CA) and centrifuged for an additional 45 minutes at 55,000 rpm in a Beckman Ti 60 rotor. The resulting pellet was rinsed with water and resuspended in 1 M urea solubilized in TE (10 mM Tris, 1 mM EDTA, pH 7.5). The mixture was stirred for 1 hour, then centrifuged for 5 minutes at 10,000 rpm. The supernatant was placed onto a 5-40% sucrose density gradient of 1 M urea in TE, and centrifuged for 2 hours at 28,000 rpm in a Beckman SW41 rotor. The resulting light scattering zone was removed, using a syringe and an 18 g needle, mixed with an equal volume of 1 M urea in TE and centrifuged at 55,000 rpm for 45 minutes in a Beckman Ti 60 rotor. The pellet was gently rinsed with water and resuspended in 4 ml TE to which 1.2 g CsSO 4 was added. This mixture was centrifuged for 20 min at 10,000 rpm and the resulting supernatant was transferred to QuickSeal tubes and centrifuged at 40,000 rpm for 16 hours in a Beckman SW 60 rotor. A light scattering band was again collected, mixed with an equal volume of TE and centrifuged for 45 minutes at 55,000 rpm in a Beckman Ti 60 rotor. The final pellet was resuspended in TE with 1% (w/v) sodium dodecyl sulphate (SDS), phenol extracted, and ethanol precipitated (Sambrook et al., 1989) . The pellet was suspened in distilled water and the integrity of the RNA was verified by agarose gel electrophoresis.
First-strand cDNA synthesis was performed using random primers and an oligo d(T) cocktail using reverse transcriptase M-MLV, and second-strand synthesis utilized E. coli DNA polymerase and RNase H (Sambrook et al., 1989) . Using routine molecular biology techniques (Sambrook et al., 1989) , the resulting double-stranded DNA products were blunt ended with T4 DNA polymerase and cloned into SmaI site of pUC119, followed by manual laboratory nucleotide sequence analyses, as described previously (Turina et al., 1998) .
Generation of strand-specific probes
From a collection of cDNA clones, representing portions of the HPD-associated RNA (Table 1) , strand-specific probes were made to determine the polarity of these RNAs. For example, pHPD4b, a cDNA clone spanning part of the ORF for the 32-kDa protein, was excised with SacI and HindIII and the ~5 kbp fragment was then ligated into pGEM3, which had been linearized with the same pair of restriction enzymes. From this, pGEM3.1-4b was created with the 5'-end of the ORF adjacent to the T7 promoter and the 3'-end adjacent to the SP6 promoter.
Transcripts were generated from 1 ug pGEM3.1-4b template linearized with NaeI or PvuII for T7 or SP6 RNA polymerase reactions, respectively. Radiolabeled transcripts were made in the same manner, by the addition of 32 P-UTP to the reaction mix.
Purification of enveloped particles
Various purification methods were attempted and the following strategy, adapted from a Tospovirus purification protocol (Black et al., 1963) , proved the most consistent. All samples and solutions used in the purification steps were either kept on ice or at 4°C. Greenhouse-grown Siouxland wheat seedlings were infested at the two-leaf stage with wheat curl mites that were capable of transmitting the HPD-associated agent. Control plants were infested with 'healthy' non-infected mites (Skare et al., 2003) . Infestation was carried out as described previously (Skare et al., 2003) . At 21 days post-infestation, wheat leaf tissue was harvested and weighed.
Tissue was finely chopped with a razorblade and combined with 1:2.5 (w/v) of Solution-1 [10 mM KH 2 PO 4 , 200 mM K 2 HPO 4 , 30 mM Na 2 SO 3 ] and pulse blended. The resulting slurry was then filtered through Miracloth and centrifuged for 20 min. at 3,500 rpm at 4°C. The supernatant was mixed with 2.5 times the final volume of 3.3 mM Na 2 SO 3 (NaS) and centrifuged for 45 minutes at 13,000 rpm at 4°C. The supernatant was stored at 4 C to monitor each step of the purification. The pellet was resuspended (first concentration) in 1 ml of Solution-1. This process was repeated using the resulting supernatant for the second and third concentration using 1:2 (v/v) and 1:1 (v/v) respectively of NaS to mix with the supernatant and after incubation on ice for 15 minutes.
Mixtures were incubated on ice until one hour following the suspension of the third pellet and placed on a 10-30% continuous sucrose gradient using Solution-1. After a 3-hour centrifugation in a Beckman SW 41 rotor at 35,000 rpm at 4°C with zero deceleration, each gradient was monitored with an ISCO UA-5 (Lincoln, NE) densitometer at 254 nm.
Approximately 0.5 ml fractions were collected starting from the top of the gradient, and analyzed for the 32-kDa protein, HPD-associated RNA, and electron microscopy.
Concentration and detection of HPD-associated protein and RNA
To determine total protein concentrations, 100 ml of the sucrose density gradient fractions were mixed by inversion with 170 ml TE and 30 ml 100% trichloroacetic acid (TCA), incubated on ice for at least thirty minutes, and centrifuged for 15 min at 10,000 rpm at 4°C. The pellet was washed with 100% acetone, air dried, and resuspended in TE. The samples were prepared for SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses as described previously (Scholthof et al., 1994; Skare et al., 2003) using HPD-specific rabbit polyclonal primary antibody at 1:7,500 dilution (Scholthof et al., 1994; Skare et al., 2003) . The serum was raised against a ~32 kDa protein from infected plants that was excised from a gel. Silver staining was preformed using standard protocols (Coligan et al., 1995) .
RNA was also extracted from the sucrose density gradients by combining 200 ml from each fraction with 400 ml TE and 600 ml RNA extraction buffer (0.1 M Tris, 2 mM EDTA, 0.2 M NaCl, 1% SDS, pH 8.0), followed by phenol/chloroform extraction and ethanol precipitation (Sambrook et al., 1989) . Hybridization probes were generated by random priming of DNA plasmids, and RNA-blot analyses were performed as described previously (Scholthof et al., 1993; Scholthof et al., 1995) .
Transmission electron microscopy
Small pieces of maize leaves were collected either from healthy plants or from those experimentally infected by the HPD agent. The leaf pieces were then fixed in a modified Karnovsky fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 50 mM cacodylate buffer, pH 7.2 with 1 mM CaCl 2 ) for 2-3 h, and washed three times for 10 min in the aforementioned buffer without the fixatives. Samples were post fixed with 1% OsO4 in buffer (as above) for one hour, dehydrated in acetone (30%, 50%, 70% and 90%, 10 min each, and 3x/10 min in 100% acetone) and embedded in low viscosity Spurr resin. Blocks were sectioned with diamond knife using a Leica UCT microtome. Thin sections were collected on Formvar coated 100 mesh copper grids, stained with 3% uranyl acetate and Reynold's lead citrate (10 min each) and examined in a Zeiss EM 900 transmission electron microscope (TEM).
For analyses of purified samples, 100 ml of each collected sucrose density gradient fraction (see above) was transferred to a new tube, mixed with 5% ethylene glycol and stored at -80°C, for future electron microsopy (EM) analysis. EM grids were prepared by floating a 200-mesh formvar coated copper grid on 20 ml of the purified fraction at room temperature for 5-10 minutes while slowly shaking. After the incubation, the grid was wicked on Whatman 3MM paper and floated on fixer (15 ml 100 mM cacodylate, 100 mM NaCl, brought to pH 7.4 with NaOH, and containing 0.83% gluteraldehyde) for 3-5 minutes. The grid was wicked again on Whatman paper and then floated on 10 ml 1% fresh uranyl acetate for 3-5 minutes and wicked and air dried, and viewed with TEM.
All incubation steps involving gold labeling, except for the fixing and staining, were on a shaker at low speed (~50 rpm, so the grid was able to move slightly on the droplet) and were performed at room temperature. Formvar and carbon coated 200-mesh nickel grids were floated on 20 ml of the sucrose fraction (in 5% ethylene glycol) harboring the purified particles, for 15-20 minutes and moved directly to a filtered drop of 1% bovine serum albumin (BSA) in 1X PBS (136 mM NaCl, 2.68 mM KCl, 10.14 mM Na 2 HPO 4 , 1.76 mM H 2 NaPO 4 , pH 7.2) for five minutes. Subsequently, the grid was floated on a droplet containing rabbit antiserum specific for the 32 kDa protein in filtered 1% BSA-PBS for 25 minutes and washed in filtered PBS for five minutes. Following incubation on a droplet of 8 nm gold labeled protein-A conjugate in filtered 1% BSA-PBS for twenty minutes, the grid was washed with PBS for three minutes followed by three washes with water. The rest of the protocol, beginning with the fixer step, was identical to the grid preparation for the unlabeled VLPs.
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